The Millimeter-Wave Bolometric Interferometer (MBI) is designed for sensitive measurements of the polarization of the cosmic microwave background (CMB). MBI combines the differencing capabilities of an interferometer with the high sensitivity of bolometers at millimeter wavelengths. It views the sky directly through corrugated horn antennas with low sidelobes and nearly symmetric beam patterns to avoid spurious instrumental polarization from reflective optics. The design of the first version of the instrument with four 7-degree-FOV corrugated horns (MBI-4) is discussed. The MBI-4 optical band is defined by filters with a central frequency of 90 GHz. The set of baselines determined by the antenna separation makes the instrument sensitive to CMB polarization fluctuations over the multipole range l=150-270. In MBI-4, the signals from antennas are combined with a Fizeau beam combiner and interference fringes are detected by an array of spider-web bolometers with NTD germanium thermistors. In order to separate the visibility signals from the total power detected by each bolometer, the phase of the signal from each antenna is modulated by a ferrite-based waveguide phase shifter. Observations are planned from the Pine Bluff Observatory outside Madison, WI.
INTRODUCTION
We are in the process of building an initial version of an instrument called the Millimeter-wave Bolometric Interferometer for observing faint astrophysical sources. The main scientific goal of MBI is to search for primordial Bmode polarization in the cosmic microwave background (CMB).
A significant challenge in CMB polarization measurements is separation of the very weak pseudoscalar B component from the much stronger scalar E component 1, 2 . The two types of polarization modes probe different physical phenomena; in particular, ordinary density (scalar) perturbations produce only E-type polarization (to linear order). As a result, the B component is predicted to be smaller than E by an order of magnitude or more over all angular scales. However, the very fact that density perturbations do not produce B-type polarization makes detection of the B component more valuable: the B channel is a clean probe of other types of perturbations.
The most exciting prospect is the use of B modes to detect primordial gravitational waves (tensor perturbations) produced during an inflationary epoch. If this tensor B component is detected, we will have a direct probe of the Universe at far earlier times than any other method can provide. The other dominant source of B-type polarization in the CMB is expected to be gravitational lensing of E modes by large-scale structure. These two predicted sources of B modes probe very different epochs: the tensor contribution is imprinted on the CMB at the time of last scattering but is a relic of the extremely early Universe; the lensing contribution is produced at much later times. The lensing signal peaks at relatively small angular scales (<1 o ), while the tensor signal (if it exists) is strongest on large scales. Some of the most powerful instruments for observing the CMB and diffuse emission at millimeter and sub-millimeter wavelengths are interferometers. The Sunyaev-Zel'dovich effect has been imaged by the Ryle 3 , OVRO, BIMA and SZA interferometers 4, 5, 6 at centimeter wavelengths. The CMB has been imaged by the CAT 7 , DASI  8 , CBI  9,10 and VSA   11 interferometers, also at centimeter wavelengths. DASI was the first instrument to detect the CMB polarization 12, 13 . All of these instruments use coherent receivers based on HEMT amplifiers.
MBI is the first, to our knowledge, application of interferometry using incoherent detectors (bolometers) at millimeter wavelengths 14 . Cooled bolometers are the highest-sensitivity broadband detectors at millimeter and sub-millimeter wavelengths; in low-background applications they can achieve the fundamental noise limit imposed by photon noise from the CMB itself. MBI combines the differencing capabilities of interferometry with the high sensitivity of bolometers and results in a new instrument with capabilities that would be difficult to achieve using more traditional techniques. Unlike a single-dish imaging telescope, an interferometer instantaneously performs a differential measurement: the effective "beam pattern" of each individual baseline is a set of fringes that sample the sky with positive and negative weights. This differencing removes the need for mechanical chopping or rapid scanning. Only correlated signals are detected, so the interferometer has reduced sensitivity to changes in the total power signal absorbed by the detectors 15 . Thus the signal from an interferometer is significantly less affected by the atmosphere 16, 17 . Unless a full-sky map (an impossibility because of Galactic cuts) is made with infinite angular resolution the E and B modes "leak" into each other 18, 19 . The sampling of each baseline is very narrow in Fourier space, which is ideal for power spectrum measurements and E -B separation 20 . There are other advantages achieved in combining the two technologies:
− A simple optical design, combined with interferometry, reduces systematic effects. − All of the optics is at a temperature of 4 K or below. − Scaling to a large number of elements involves replicating simple components. − The technique is scalable to all wavelengths needed for foreground removal (~30 -300 GHz). 
INSTRUMENT

The adding interferometer
In a simple 2-element radio interferometer, signals from two antennas aimed at the same point in the sky are correlated so that the sky temperature is sampled with an interference pattern with a single spatial frequency. The output of such an interferometer is the visibility,
, where x is a unit 3-vector in the direction of a point on the sky, ) (x G is the beam pattern of each antenna (assumed to be identical), and ) (x T is the map of the temperature fluctuations on the sky we are trying to measure. is the baseline length, and is oriented along the baseline. With more antennas these same correlations are performed along each baseline. To recover the full phase information, complex correlators are used to measure simultaneously both the in-phase and quadrature phase components of the visibility.
In interferometers that use incoherent detectors, such as MBI, the electric field wavefronts from two telescopes are added and then squared in a detector as shown in Fig. 1 -an "adding" interferometer as opposed to a "multiplying" interferometer 22 . The result is a constant term proportional to the intensity plus an interference term. The constant term is an offset that is removed by phase modulating one of the signals. Phase-sensitive detection at the modulation frequency recovers the interference term and reduces susceptibility to low-frequency drifts (1/f noise) in the bolometer and readout electronics. The adding interferometer recovers the same visibility as a multiplying interferometer.
The polarization of radiation is completely characterized by the Stokes parameters, U, Q, V, and I. If the incoming wave is expressed as o phase modulation can be introduced by the ferrite-based phase shifter. WGs and the system of thermal and blocking filters provide the 20% bandwidth with 90 GHz central frequency. In a future MBI instrument, an ortho-mode transducer will be inserted into each IU after the feed horn, so each IU will have two phase shifters, two illuminating horns, and be sensitive to two orthogonal polarizations.
An interferometer measures the Stokes parameters directly, without differencing the signal from separate detectors. It correlates the components of the electric field captured by each antenna with the components from all of the other antennas. On the baseline formed by two antennas, 1 and 2, the interferometer's correlators measure
, and
. The first two are used to determine I and the latter two measure U. Rotating the instrument allows a measurement of Q. (Stokes V can be recovered in a similar manner but is expected to be zero for the CMB; we do not plan on measuring it.) To measure these values with a single baseline, the antennas must be sensitive to both polarizations with further separation by ortho-mode transducer (OMT). MBI-4 only collects a single polarization for each feed (Fig. 2) , so does not use an OMT. Two of the four feeds (see Fig. 3 ) are sensitive to one polarization of the incoming radiation, and the other two to the orthogonal mode. Four of the baselines are sensitive to polarization (Stokes U), while the remaining two are sensitive to temperature fluctuations (Stokes I). The instrument will rotate in 10 o steps around its optical axis to provide reasonable coverage of the u -v plane (see Fig. 4 ).
The sensitivity of a receiver to broadband signals increases as the square root of the bandwidth. For interferometers, the bandwidth restricts the angular range, θ, over which fringes are detected 23, 24 . If we assume the path lengths for a source at the center of the FOV are equal, then the path length difference for a source at an angle θ from the center along the baseline axis is θB, where B is the baseline distance. If this path length difference is small compared to the coherence length of the light, . This equation indicates that for angles of the order of the product of the spectral resolution times the angular resolution, the fringe smearing is important. This relation imposes restrictions on the ratio between the maximum baseline achievable by the interferometer and the spectral bandwidth of the receiver. For MBI-4, the bandwidth is 20%, which sets the maximum baseline to about four times the diameter of each antenna. 
Control of systematic effects
The E-mode CMB polarization signal is small, and the B-mode polarization signal is smaller. The B-mode signal will be at most ~0.1 µK, so control and minimization of systematic effects is essential.
Hu et al. 25 have studied systematics in imaging polarization experiments, and we have extended their analysis to interferometers. The temperature anisotropy is large compared to any polarization signal; therefore, systematic errors that convert temperature anisotropy into an apparent polarization anisotropy (Stokes I into Q and U) are particularly dangerous. Interferometers differ from single-dish imaging telescopes in which systematic effects lead to such mixing. For instance, in an interferometer there is no conversion from I into Q and U from gain errors, differential pointing errors, or beam mismatches between different antennas. MBI simultaneously measures both temperature anisotropy and polarization. The polarization channels are designed to be insensitive to T, i.e., to have a high common-mode rejection.
Corrugated feedhorns have extremely low sidelobes and have easily calculable, symmetric beam patterns. Furthermore, there are no reflections from optical surfaces to induce spurious instrumental polarization, an unavoidable problem for any system with imaging optics 26, 27, 28, 29 . In MBI there are no aberrations from off-axis pixels: all feed elements are equivalent and all the optics are at cryogenic temperatures to minimize losses. Note that any off-axis optics in the MBI system occur after the phase modulators, so do not produce a modulated polarization signal.
As an interferometer MBI is inherently insensitive to beam ellipticity. In a future version of MBI, we may wish to operate the instrument in a correlation radiometer mode as well as an interferometer. In this case, beam ellipticity is, in principle, a source of systematic error; however, the very symmetric patterns of the corrugated conical feed horns minimize this effect as well 30 . The rotation of MBI about its optical axis also reduces this effect.
Sensitivity
In order to separate the interference terms from each other we modulate the phase of the antenna signals in a sequence. By differencing the detector outputs that appear during each phase state, we can isolate the various visibilities. This scheme amounts to a kind of time-domain multiplexing of the signals from the various baselines onto each detector.
The expected sensitivity of MBI was estimated by following the approach developed by Zmuidzinas 31 . The sensitivity of an interferometer is comparable to that of a filled-dish telescope collecting the same number of modes from the sky.
Galactic foregrounds
A key goal of any CMB polarization experiment must be to separate the polarized signals emitted at the era of decoupling from those emitted much more recently by our own Galaxy. A better understanding of the spectral and spatial characteristics of the Galactic foregrounds is needed so that we can devise better methods (e.g. "templates") for effecting this separation.
We have chosen to operate MBI at wavelengths where the dominant foreground will be dust 32 . Dust grains align with the Galactic magnetic field 33 , so we can probe Galactic fields. These fields are well coupled to the interstellar medium (ISM) and have energy density comparable to the other major components of the ISM. For these reasons, they play important roles in the ISM, including confining cosmic rays, moderating interstellar shocks, propagating turbulence, and influencing star formation.
Observations of the thermal component of the dust radiation have revealed that the wavelength-dependence of the polarization is surprisingly strong. The observations are few, and are specifically limited to molecular cloud envelopes, but they give a consistent picture of a degree of polarization that falls with wavelength in the far-infrared, and then begins to rise in the submillimeter, near 350 µm wavelength. These results have been explained using a model in which the efficiency of grain alignment is correlated with exposure to radiation from both embedded stars and external sources 34, 35 . The importance of understanding the physics of grain alignment lies principally in the fact that studies of polarized dust emission provide one of the few methods for mapping magnetic fields, especially in the dense regions where stars form. Without the physical understanding it is difficult to determine, for any given line-of-sight, which specific regions are being sampled within an extended, heterogeneous and complex molecular cloud.
TECHNICAL APPROACH
Corrugated feed horns
The observation of the sky directly with feed horns has several advantages. The optical design is simple and clean. A large number of feed horns, not limited in number by a telescope design, can be used to obtain sensitivity. The cost of this approach is the loss of angular resolution unless extremely large feed horns are used. MBI uses this approach, but adds interferometry between feed horns to recover some of the angular resolution lost by dispensing with a telescope.
In MBI-4 we have used electroformed corrugated conical feed horns for the input elements. These feed horns have a symmetric beam pattern with a measured beam FWHM of ~7 o . MBI-4 only collects a single polarization for each feed selected by the rectangular WR-10 waveguide attached to the horn output. In a future MBI instrument a waveguide ortho-mode transducer 36 will be used.
The relative placement of the feed horn is chosen in order to provide uniform u -v coverage for polarization sensitive channels with 10 o step rotation of the instrument around its optical axis (Fig. 4) . This set of baselines makes the instrument sensitive to CMB polarization fluctuations over the multipole range l=150-270. "Temperature" channels will be used for calibration by comparison with temperature maps of WMAP.
Phase modulator
In order to separate the interference (visibility) signals from the total power signal detected by each bolometer, the phase of the signal from each antenna must be modulated. The phase is sequentially modulated between -90 o and +90 o .
For MBI-4 we are using ferrite-based phase modulators 37 ; these waveguide devices are a modification of the Faraday rotators used in BiCEP. The modulation rate is ~10 -100 Hz. The loss in the phase shifter is <1 dB. The magnetic field in the ferrite is controlled by a small superconducting coil. The phase shifters dissipate negligible power, ~1 mW each. Also, the differential loss between the two phase states must be small. Differential loss will produce an "offset" signal after demodulation of the detector signal.
Beam combiner
The signals from each of the input units (IUs) are interfered using a so-called Fizeau 38 beam combiner. The Fizeau combiner acts as an image-plane correlator or interferometer. In our instrument, the Fizeau combiner is essentially a Cassegrain telescope. All signals from the IUs illuminate the primary mirror, and the light is correlated or interfered on the array of 16 bolometers at the focal plane behind the primary mirror.
Detectors, electronics and data acquisition
MBI-4 uses 16 traditional spider-web bolometers, provided by JPL, with NTD germanium thermistors. The bolometers are placed in an optical cavity (see Fig. 5 ) and coupled to the incoming radiation via conical horns. The horns form a hexagonally packed array with spacing 2.8 cm in the image-plane of the beam combiner. The whole unit is suspended from the supporting frame by Kevlar threads and connected to the cold plate of the 3 He refrigerator. The optical efficiency for this configuration is expected to be ~50%. . The preamplifiers consist of Siliconix U401 differential JFETs with 5-7 nV/Hz 1/2 noise at ν>100 Hz and 120 µW power dissipation per pair. They are suspended on a lithographed silicon nitride membrane, using fabrication techniques similar to those used to make the bolometers and self-heat to the optimal operating temperature of 120 K. The total power of the JFETs for 16 channels is only 4 mW, which allows them to be placed close to the detectors. 
Cryogenics
A schematic of the MBI-4 instrument is shown in Fig. 6 and a photograph of the receiver is shown in Fig. 7 . The cryostat holds 17 liters of liquid nitrogen and 25.7 liters of liquid helium. In its operational configuration the liquid helium lasts for 50 hours. The detectors are cooled by a self-contained 3 He refrigerator manufactured by Simon Chase. The 3 He condenser is cooled by a self-contained charcoal-pumped 4 He pot. The base temperature of the 3 He refrigerator in its operational configuration is 330 mK and lasts at least 90 hours. Cycling the refrigerator takes about one hour. The refrigerator is designed so that an additional 3 He stage can be attached to the first 3 He stage, which would provide lower temperatures (~200 mK). Fig. 8 . The MBI-4 pointing system. The azimuth is driven by two hardened metal disks in pressure contact; a small disk is directly driven by a motor which causes a large diameter disk, and hence the azimuth axis, to turn. The elevation axis is driven by a ball screw. Visible at the top of the mount is the bearing which allows the cryostat to rotate about the optical axis. (In this photograph, the actual cryostat is not installed.) Near the bottom of the mount is the control and signal conditioning electronics.
Telescope and mount
The MBI pointing platform, shown in Fig. 8 , consists of a fully-steerable altitude-azimuth mount. In addition, the entire cryostat can be rotated around the optical ("theta") axis. Tracking of the sky occurs under computer control using feedback from 17-bit absolute optical encoders on each of the three axes -altitude, azimuth and theta. Absolute pointing is established using a bore-sited optical telescope. This altitude -azimuth mounting scheme was used successfully on the COMPASS experiment 41 .
FUTURE PLANS
We will demonstrate MBI-4 at the Pine Bluff Observatory (PBO) near Madison, Wisconsin. Key tests include measuring the interferometric beam patterns, observing bright object such as the moon, and during the winter, when atmospheric conditions are good, carrying out long integrations on test fields.
We are studying how the design of MBI can be optimized for future measurements of the CMB. We envision scaling MBI-4 to form modules that include 16 horn antennas and that correlate both polarizations from each antenna. These modules could be scaled to operate at a range of millimeter wavelengths. Multiple modules at each of a variety of wavelengths would allow removal of foreground sources and would increase sensitivity to the levels required for CMB polarization observations.
